YFeO3 and LaFeO3 are members of the rare-earth orthoferrites family with Pbnm space group. Using inelastic neutron scattering, the low-energy spin excitations have been measured around magnetic Brillouin zone center. Splitting of magnon branches and non-zero magnon gap is observed for both compounds, which is similar to the behavior observed in multiferroic BiFeO3. Spin wave calculations which include both Dzyaloshinsky-Moriya interactions and single-ion anisotropy in the spin-Hamiltonian comprehensively accounts for all the experimentally observed features. Our results offer insight into the unifying physics underlying the Fe 3+ -based perovskites as well as their distinguishing characteristics.
INTRODUCTION
Magneto-electric (ME) multiferroic materials, in which both magnetic and ferroelectric ordering coexist, have attracted much attention due to the tunable magnetic properties via electric field or vice versa. Such materials also present the possibility of various applications in recording device technology or spintronics [1] [2] [3] . While searching for appropriate candidates is far from trivial, one may consider compounds with weak ferromagnetism (wFM) where the reversal of wFM by 180
• using electric field has been predicted theoretically [4] . In many cases, the microscopic mechanism of wFM is either DzyaloshinskyMoriya (DM) interaction or single-ion anisotropy (SIA) [5] [6] [7] . In this regard, measuring and quantitatively determining such quantities in real materials is of considerable importance for future applications.
The rare-earth orthoferrites RFeO 3 are one of most promising model systems in this regard. The Fe 3+ ions in all of the RFeO 3 family undergo an antiferromagnetic transition with T N ranging from 623 K in R=Lu to 738 K in R=La. These high transition temperatures are due to a strong nearest-neighbor exchange interaction (J > 4 meV) along the Fe−O−Fe bond and the large magnetic moment of Fe 3+ (S = 5/2). Most perovskites of ABO 3 -type exhibit a cubic P m3m structure at high temperature, and a structural transition occurs upon cooling which lowers the symmetry via tilting of edge-shared BO 6 octahedra. RFeO 3 adopts the Pbnm space group at this structural transition, the most frequent structure among the perovskites. Such octahedra tilting to Pbnm symmetry can be described by Glazer notation: a − a − c + [8] . Since this structure does not break space inversion symmetry (i.e. Pbnm is centrosymmetric), no net polarization in RFeO 3 is expected.
The tilting of FeO 6 octahedra in RFeO 3 is the origin of local DM interaction in this compound (see Fig. 1 ). The competition between the DM and exchange interactions results in canting the magnetic moments. [9] . Below T N , all RFeO 3 adopt the canted antiferromagnetic ground state Γ 4 (G a , A b , F c ) with basic G-type antiferromagnetism along theâ axis, weak antiferromagnetism alongb axis, and weak ferromagnetism alongĉ axis as shown in 1(a). Such weak canted magnetic moments were measured previously by various experimental techniques [10] [11] [12] [13] [14] [15] [16] . BiFeO 3 is the only example that is well-established to exhibit multiferroicity above room temperature (LuFeO 3 may also have this coveted property) [17] [18] [19] . BiFeO 3 has several shared characteristics with RFeO 3 : it has the similar exchange interaction and antiferromagnetic transition temperature T N ∼650 K [20] . The contrasts between these two materials include the distinct rotation of FeO 6 octahedra, much of which is due to the lone pair of Bi breaking the inversion symmetry for BiFeO 3 unlike the other centrosymmetric RFeO 3 . BiFeO 3 has the noncentrosymmetric space group coming from the Glazer tilting a − a − a − . BiFeO 3 exhibits a large polarization with a ferroelectric transition at T c =1100 K [21] . Below T N , an incommensurate spin cycloidal magnetic structure develops along the [1 1 0] direction with an extremely long period of 620Å and is superimposed on simple G-type antiferromagnetism [22] . Small angle neutron scattering (SANS) experiments revealed a spin density wave (SDW) fluctuation, which is perpendicular to the spin cycloid [23] . The local wFM moment made by this fluctuation is cancelled out over the whole cycloid, giving no wFM in bulk BiFeO 3 .
The spin-Hamiltonian of BiFeO 3 has been extremely well studied both theoretically and experimentally throughout many studies [22, [24] [25] [26] [27] . Our recent study on the magnetic excitation spectra over the full Brillouin zone using inelastic neutron scattering (INS) measurements determined the values for the two exchange interactions and the Dzyaloshinskii-Moriya (DM) interaction [24] . Subsequently, we performed a detailed examination of the low-energy region and observed the unique islandlike feature at 1 meV. Separately, this can also be identified as the peak-and-valley feature in the constant Q-cut graph at the magnetic zone center [26] . By employing the full spin Hamiltonian in our spin wave calculations, it was determined that this feature originates from the interplay of the DM interaction and the easy-axis anisotropy.
The rare-earth orthoferrites have also been previously well characterized in the literature, including studies on the spin waves of RFeO 3 with INS [28] [29] [30] [31] [32] and Raman spectroscopy [33] [34] [35] . Much of the focus in the INS studies was concentrated on the high energy transfer region of the excitation spectra to determine the structural and magnetic interaction strengths. For LaFeO 3 , only powder INS spectra was reported that confirmed Heisenberg type nearest-neighbor exchange interactions between Fe 3+ ions [31] . For YFeO 3 , a recent INS study successfully measured the overall shape of magnon dispersion up to ∼70 meV and deduced the best fit parameters including the exchange interactions J 1 and J 2 , DM interactions, and SIA [32] . In addition, the low-energy transfer region at the Brillouin zone center was examined by Raman spectroscopy. These Raman measurements for YFeO 3 determined the magnon peaks around ∼1.4 and 2.2 meV at the Γ point [33] . Using these data, they also independently determined the parameters of the spin Hamiltonian of YFeO 3 . However, the model Hamiltonian used in the above studies needs to be improved as it does not capture all the salient details of Pbnm symmetry, in particular the local DM vectors and their relation with the canted ferromagnetic moment.
To understand the differences between these two compounds, it is necessary to quantitatively determine their full spin Hamiltonian. In this work, we have carried out comprehensive studies on the low-energy magnon excitations of YFeO 3 and LaFeO 3 since this is where effects of DM interaction and SIA are expected to manifest most strongly. We also collected new data of the low-energy spin waves of BiFeO 3 focusing on higher momentum resolution. Note that we have purposely selected the nonmagnetic rare-earth YFeO 3 and LaFeO 3 orthoferrites in order to focus directly on the magnetism of Fe 3+ . Based on the allowed form of the DM interactions in the Pbnm symmetry, we have quantified parameters of the full spin Hamiltonian for YFeO 3 and LaFeO 3 , and reproduced two characteristic features in low-energy magnetic excitation spectra: (1) non-zero spin wave gap and (2) splitting of two magnon branches at the zone center. Also, two additional shoulders in constant energy cut of BiFeO 3 have been identified, demonstrating the more complex nature of the magnon branches in comparison to the other orthoferrites.
EXPERIMENTAL DETAILS
Single crystals of YFeO 3 and LaFeO 3 with masses of 1.52 and 1.41 g respectively were grown with floating zone furnaces. INS experiments were performed ulitizing the cold-neutron triple axis spectrometer SIKA [36] at the Australian Nuclear Science and Technology Organisation (ANSTO). Samples were mounted with their orthorhombicb * axis vertical, such that the wave vectors of the observed spin waves were all confined to theâ * −ĉ * plane. Based on the reflection conditions of magnetic Bragg peaks for the Pbnm space group, all constant-Q energy scans were carried out along the [H 0 0] direction centered on Q = (1 0 1). The final neutron energy was fixed at 5 meV giving a full width at half maximum (FWHM) energy resolution of 0.106 meV at the elastic position. A beam collimator configuration of 40 − 40 − 60 − 40 was used to obtain optimized beam intensity and resolution. A cooled polycrystalline berylium filter was installed to remove the higher-order contamination of the scattered 0 . 0 0 . 5 beam. Data was collected at 300 K without a cryostat, and then at 1.5 K with an orange cryostat. For BiFeO 3 , the INS experiments were done with two cold-neutron triple axis spectrometers: 4F2 at Laboratoire Leon Brillouin (LLB) and ThALES at Institute Laue-Langevin (ILL). The data obtained at LLB has already been presented by Jeong et. al. [26] and reproduced here for comparison and subsequent discussion. In all measurements with 4F2, eight co-aligned single crystals of total mass 1.6 g with 3
• mosaicity were used. To achieve a better momentum resolution, one single crystal with mass of 0.58 g was used in ThALES experiment. for T = 300 and 1.5 K. After being corrected with the Bose factor, the measured neutron intensities are proportional to the dynamic susceptibility Im[χ(Q, ω)]. For both compounds, the defining features in the constant-Q cuts are as follows: (1) a finite spin wave gap of E ∼1 meV (YFeO 3 ) and 2 meV (LaFeO 3 ) and (2) two distinct peaks directly above the gap, although the valleys between the two peaks is quite small. The two peaks are, as expected, most distinguishable at Q = (1 0 1), signifying that the magnon branches are split at the magnetic Brillouin zone center. In order to fully explain the low-energy magnetic excitations, we employ the minimal spin Hamiltonian of RFeO 3 to model the experimental data. Explicitly, the spin-Hamiltonian is as follows:
where J lead to A 1g orbital symmetry. Therefore, we may assume that the DM interaction of ferrites can be given by the conventional form (D ij ∝x i ×x j ), wherex i is the unit vector connecting i-th Fe atom and oxygen atom between i-th and j-th Fe atoms. This means that in the Pbnm structure all DM interactions between two adjacent iron atoms may be characterized by five parameters: α ab , β ab , γ ab , α c , β c [37] , as shown in Fig. 1(b) . The density functional theory (DFT) calculation on LaFeO 3 [38] shows good agreement with the DM vectors obtained from our structural analysis, supporting this assumption. Normalized values of the local DM vectors of YFeO 3 and LaFeO 3 are shown in Table I . We note that the inplane DM vectors defined in different basal planes, e.g. D 41 and D 32 , are different along theb-axis. The result of combining all contributions of adjacent ions is that every Fe 3+ ion feels a different DM interaction, therefore global DM interactions cannot be as expected defined in this space group. This is an assumption contrary to those used in previous studies on YFeO 3 [32, 33] . The last two terms denote the SIA along theâ-andĉ-axis to explain the non-zero spin wave gap, which originates from the cubic symmetry of perovskites.
After combining all contributions from the oxygen environments, the four-sublattice magnetic ground state can be stabilized [38] . In spherical coordinates, the four spins can be defined using two spin canting angles θ and φ, which are related to the weak ferro-and antiferromagnetic moment, respectively. S 1 = S (−cosθsinφ, −cosθsinφ, sinθ)
Since the spin cantings are very small (∼ 1 • ) for RFeO 3 , we can ignore terms higher than second order with respect to the spin-orbit coupling λ SO to obtain the relationship between spin canting angles and the spin Hamiltonian parameters from the ground state energy [12] :
Using this Hamiltonian of RFeO 3 , the theoretical magnon dispersion curve and Im[χ(Q, ω)] has been calculated using the SpinW software [39] . The neutron intensity obtained from the triple axis spectrometer is convoluted with the instrumental 4D resolution ellipsoid in the momentum-energy space; for direct comparison with experimental data the resolution was accounted for using Cooper-Nathans method in the Reslib library [40] . First, based on the geometry of SIKA beamline and information of the sample, theoretical resolution matrices were calculated. With these matrices, Im[χ(Q, ω)] was convoluted numerically. As the Hamiltonian contains many fitting parameters:
all reasonable constraining conditions is important for determining a reliable set of best fit parameters. Therefore, the previously reported exchange coupling constants J 1 = 4.77 and J 2 = 0.21 meV derived from high energy INS experiment [32] were kept fixed at those values for our YFeO 3 fitting. Since only the J 1 value LaFeO 3 has been previously reported [31] , we made the assumption that the J 1 /J 2 ratio of LaFeO 3 is similar with that of YFeO 3 . This assumption combined with the ratio of T N of both compounds, yields J 1 = 5.50 and J 2 = 0.24 meV for LaFeO 3 . Also, the almost identical bond angles within the ab plane (Fe(1)−O−Fe(2)) and the c axis (Fe(1)−O−Fe(4)) for YFeO 3 [41] and LaFeO 3 [42] enable us to assume D ab = D c in both compounds. The canting angle θ was derived from polarized neutron diffraction results [12] and magnetization measurements along the c axis [43] .
With the above conditions, the set of Hamiltonian parameters that best explain the data could be determined. In Fig. 3(d) and 3(e) , the overall qualitative shapes of the spin-dispersions are modelled accurately by calculations for both compounds. The splitting of magnon branches at the zone center are not as noticeable in INS data ( Fig.  3(a) and 3(b) ). But nevertheless it is fully consistent with theoretical dispersion curves. The constant-Q cuts at the magnetic zone center (see Fig. 4(a)(b) ) shows this consistency more clearly, especially given the tendency for the convoluted Im[χ(q, ω)] to have slightly higher ener- Experimental data and calculation in (c) were taken from Ref. [26] gies due to instrumental resolutions than the calculated energies of the two low-lying magnon branches. For example, the two measured peak positions at Q = (1 0 1) for YFeO 3 are ∼1.7 and 2.4 meV, whereas the theoretically calculated magnon energies are ∼1.38 and 2.49 meV. The lower magnon branch is consistent with Raman data (∼1.4 meV) [33] but the upper branch (∼2.2 meV) is not. It is attributed to the incomplete estimation of resolution function via Reslib. Since the resolution matrix at high energy transfer gives a larger discrepancy with the actual instrumental energy resolution, there might be an additional uncertainty in our estimate of energy for the upper magnon branches, as shown in Fig. 4(a) and 4(b) .
The best fit parameters are given in Table II along with T N and the spin canting angles. In our work, the values obtained for the DM interactions for YFeO 3 are quite different compared to those of Hahn et. al. [32] . We point out two possibilities for this discrepancy:
1. The spin Hamiltonian used in [32] doesn't include DM interaction along the c axis. Since the magnitude of D ab and D c is similar in RFeO 3 , they should be considered together.
2. The canting angles θ and φ of YFeO 3 used in [32] are much less than the known values (∼0.5
• ). Underestimation of the DM vectors is therefore inevitable since they are proportional to the canting angles (Eq. 3).
The ratio between DM interaction and exchange interaction, D/J, is a criterion that indicates the competition between them. A rough value for the spin canting angle is given by tan −1 (D/J), and so one can find an approximate value for D/J from Eq. 3. For LaFeO 3 the value we obtain for D/J is ∼0.026, which is larger than the values obtained from DFT calculations (∼0.018 in Ref. [38] , 0.021 in Ref. [44] ). It is also noteworthy that the canting angles of YFeO 3 and LaFeO 3 are remarkably similar, which is quite unexpected because they have significantly different values for their respective FeO 6 octahedra rotation angles.
Having said that, the low-energy magnetic excitations of YFeO 3 and LaFeO 3 have several common features with that of BiFeO 3 (see Fig. 3 (c)(f) and Fig. 4(c) ) such as the island-like feature seen below the modes dispersing from the zone center. This feature has been shown to be the result of competition between the three different terms in the Hamiltonian: exchange interaction, DM interaction and SIA. Of course, there is room for this feature to manifest itself in several ways depending on the details. In Pbnm, centrosymmetricity and local DM vector constrain RFeO 3 to have the commensurate 4-sublattice magnetic structure, resulting in simple V-shape dispersion curves with two of four magnon branches. In contrast, all local DM interactions in R3c can be effectively expressed as a global DM interaction along two directions, [1 1 0] and [0 0 1]. Thus, a spin cycloid structure can be stabilized. Furthermore, SDW fluctuation and anharmonicity add more complexity to the structure, making the magnon branches become more complex. All of these effects combined lead to the distinct behavior of Im[χ(Q, ω)] above 4 meV for RFeO 3 and BiFeO 3 .
Since the magnon branches that have intensity in the INS susceptibility of RFeO 3 are nearly doubly degener-ate, the degeneracy being broken by the DM interaction, there are only two peaks shown in energy scan. In contrast, as BiFeO 3 has many branches of magnons, the scattering intensity remains high above 4 meV at the zone center. INS measurements on BiFeO 3 with substantially improved momentum resolution allowed for the observation of the individual magnon branches, as shown in the upper part of Fig. 3(c) . The two peaks at E = 3 meV agree with theoretically calculated magnon dispersion, verifying the 4-fold nature of the magnon dispersions.
In YFeO 3 , LaFeO 3 and BiFeO 3 , a careful balance is required in relative strengths of the DM interaction and SIA in order to model the spin wave spectra correctly. The SIA in BiFeO 3 is not only affected by the DM interaction, but it is also affected by various properties such as ferroelectric distortion and A-site lone-pair effect. This complicated nature of the SIA in BiFeO 3 has been explained by new DFT-based calculations (see Ref. [45] ). The mixing of such parameters yields a temperature dependence of several properties of BiFeO 3 , e.g. static properties such as the cycloid periodicity and FE distortion as well as the dynamical properties such as the spin wave spectrum. Therefore, the spin Hamiltonian parameters of BiFeO 3 are also expected to vary as a function of temperature, which has indeed been observed [26] . However, both YFeO 3 and LaFeO 3 do not show any clear temperature dependence of spin wave spectrum (based on our results collected at T = 300 K and 1.5 K). This implies that the aforementioned static and dynamic properties, and therefore the spin-Hamiltonian parameters of YFeO 3 and LaFeO 3 are robust as a function of temperature.
CONCLUSION
The low-energy magnon spectra of YFeO 3 , LaFeO 3 and BiFeO 3 has been extensively mapped out by INS. Several features of the magnetic excitation spectra have been explained by the full spin Hamiltonian, which includes the DM interaction and SIA. Best fit parameters of spin Hamiltonian have been calculated and analyzed for YFeO 3 and LaFeO 3 . With the careful quantitative examination of the magnon behavior in these three compounds, we have shown how the relationships between the DM interaction, J, and SIA serves the underlying mechanism driving the spin dynamics. Our study provides a guide for future work on other perovskite systems, in particular with regard to the delicate balance between DM, J and SIA. Exploiting the relations between these parameters will play a key role in any future implementation of technological applications which utilize Fe 3+ -based perovskites.
